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Abstract
The main role of INERIS (French National Institute for Industrial Environment and Risks) is to assess and avert accidental and chronic risks to both people and the environment linked to industrial installations, chemical substances and underground operations. INERIS is thus involved in research consortiums for underground storages of wastes, hydrocarbons or carbon dioxide. Concerning carbon dioxide storage, INERIS works for many years on defining and testing monitoring methods. As a French expert, the institute also performs integrated risk assessment studies. This paper focuses on the last improvements concerning the monitoring methods developed or patented by INERIS. Because the institute was created from the research centre of the former French national coal mining company, it has a wellestablished know-how in monitoring gas atmospheres. Having developed monitoring methods for mining contexts, INERIS has tools to constrain gas migrations in subsurface: 1. to determine gas flux between soil and atmosphere with dynamic accumulation chambers; 2. to determine gas concentrations in unsaturated zones through integrated gas sensor systems linked to subsurface boreholes (from 0 to about 300 meters depth). Initially designed for mining context, these two methods have been tested and proven for the monitoring of CO 2 geological storage contexts. For example between 2005 and 2007, INERIS was one of the five partners involved in the "GeoCarbone MONITORING" research project. This project was funded by the French Research Agency and aims at defining methods to monitor CO 2 storage sites. Today the institute is involved in other projects studying pilot sites. In this paper we present results collected in analog contexts to CO 2 storage sites. We will discuss in which conditions the carbon isotopic signature 13 C can help to determine the possible origins of the gas analyzed in our devices and to better understand the physical and chemical processes which can have led to the studied gas compositions. We will also highlight the fact that in some cases, there is a real need of using isotopic tracing methods otherwise the identification of these different processes cannot be done easily.
Introduction
INERIS has a strong expertise on gas monitoring in mining contexts. For several decades, INERIS uses its knowhow to develop methods for the monitoring of CO 2 geological storage sites [1] [2] [3] . Two specific approaches are followed:
1. the detection and quantification of the gaseous flux of CO 2 released from the ground into the atmosphere at the soil-air interface; 2. the early detection of gas leak, based on the sampling and analysis of gas atmosphere in boreholes which are drilled into subsurface.
Gases from surface or subsurface are the results of mixing between different sources. This is for example the case for CO 2 sampled at surface. CO 2 can be atmospheric, be produced by plants respiration or come from anthropogenic emissions (industrial activities). CO 2 can also come from deeper sources such as volcanic sources, natural CO 2 deep reservoirs or CO 2 storage sites…
The analysis of the carbon isotopic signature of CO 2 ( 13 C, Fig.1 and Fig.2 ) can help to characterize the origins of samples and to better understand CO 2 production and migration processes. The identification of the origin of gas can also be done through other ways, such as the analysis of trace gas [4] . INERIS has already used isotopic analyses (such as 15 N, 18 O or 13 C) in mining contexts to better understand underground gas migration processes. We should now focus on the feasibility of improving monitoring methods developed for CO 2 storage sites with isotopic analyses. At a first approach, the choice was made to work on the determination of the isotopic signature 13 C of CO 2 , because it seemed to be the most suitable and easiest method to perform on field in the context of new technologies based on laser diodes.
The aim of this paper is to present first results and conclusions of coupling tests between the monitoring methods developed by INERIS and isotopic measurements performed at laboratory and on field.
Coupling gas flux measurements with isotopic analyses
First coupling tests between isotopic measurements and gas monitoring methods were performed during 2008. Samples were collected during repeated gas flux measurements at the surface of a site where natural volcanic CO 2 emissions occur (Fig.3 and Fig.4 ). This site was studied as a natural analogue of future CO 2 storage sites where gas leaks would reach surface.
Gas flux measurements have been done according a method patented by INERIS [5] . The determination of the isotopic signature 13 C has been done on gas samples collected by discrete sampling during gas flux measurements (Fig.4) . 10-mL samples were collected with a syringe and injected in Exetainer vials every minute to follow the evolution of the isotopic signature during the increase of the gas concentration inside the accumulation chamber. Two kinds of Exetainer vials were used for this study: vials pre-filled with helium and vials under vacuum. Sampled volumes were chosen deliberately low to not interfere with gas flux measurements. Because accumulation chambers must stay about three minutes on the same place to perform a measure, at least three gas samples were collected for isotopic analysis at each gas flux measurement point.
Samples have then been analyzed for 13 C of CO 2 at IPGP, using a continuous-flow isotope ratio mass spectrometer (Finnigan DeltaPLUS XP) interfaced to a Gas Bench modulus.
During gas flux measurements, the concentration of CO 2 inside the chamber increases with time (from 400 ppmv to about 7,000 ppmv). Isotopic analyses show a parallel increase of the carbon isotopic signature from an atmospheric value (about -8‰) to a higher value (about -6‰) (Fig.5 ). This higher value shows that CO 2 which migrates through the soil-air interface is enriched in 13 C. For high CO 2 concentrations, values of 13 C which were determined are fully compatible with a volcanic gas origin (Fig.2) : there is a dilution process inside the chamber between the atmospheric gas and CO 2 migrating through the soil-air interface. This result was expected due to the geological context of the studied site (volcanic area). Feedback teaches us that sampling with Exetainer vials pre-filled with helium ensures a better conservation of samples during sampling operations and transport/storage before analysis at laboratory. No flush of the vials was done on field before sampling. It seems that gas tightness of septum is better when sample is over-pressured compared to the atmospheric pressure. Gas from other sites (not discussed further here) were sampled by flushing 10-mL Exetainer vials with more than 50-mL of gas. This method, that is only possible when there is a large gas source, ensures that air initially in place within the tube is entirely removed before sampling (no risk of air contamination) and that the sample is at equilibrium with the atmospheric pressure (no risk of over-or underpressured sample). According to other authors [6] flushing is the best way to ensure a good conservation of the samples.
Results confirm that isotopic measurements provide important information to determine the origin of the gas emitted from the soil. But an accurate field-deployable method appears to be required (1) to minimize risks of air contamination or gas leaking during sampling or transport/storage of the vials, (2) to reduce time between sampling on field and analysis at laboratory and (3) to increase the number of measurements.
Coupling gas monitoring in boreholes drilled in unsaturated zones with isotopic analyses
Gas monitoring in subsurface boreholes (between depths of about 5 to 100 meters) drilled in unsaturated zone shows that these systems can be quite difficult to characterize. As shown by continuous measurements, changes of the gas concentration profiles inside the boreholes can occur and be very difficult to understand.
INERIS has developed methods to sample and analyze gas in boreholes drilled from surface into intermediate cap rock strata [3] : O 2 , CO 2 , CH 4 and Rn concentrations in the atmosphere are continuously monitored by sensors (e.g.: electrochemical or infrared sensors). Detection limit for CO 2 is about 1 ppmv; for other gases it is about 0.1% and 100 Bq/m 3 for Rn. To allow easy access to boreholes for other measurements, gas sensors are put on the surface, outside the borehole. A gas sampling loop pumps the gas phase at the bottom of the boreholes or just above the water table towards surface and injects it again in the well after analysis. By recycling the analyzed gas, the system reduces risks of contamination by atmospheric air (Fig.6 ). To better characterize gas concentration changes inside monitored boreholes, INERIS has sampled gas to determine isotopic signature 13 C of CO 2 . Analyses are done at laboratory on samples collected in Exetainer vials or Cali-5-Bond bags. This method leads to a discrete knowledge of the changes inside the boreholes. Thus, this method cannot be sufficient to describe correctly quick changes of the isotopic signature. When it can be implemented, a method allowing continuous isotopic measurements has to be preferred (Fig.7) .
INERIS works for one year with the PICARRO G1101-i analyzer, a cavity ring-down analyzer for measuring the isotopic signature 13 C of CO 2 . Gas is introduced into a high-finesse optical cavity and the optical absorbances of 12 CO 2 and 13 CO 2 are determined. Because the absorbance of a gas depends on the nature of the gas and its concentration inside the optical cavity, the analyzer provides concentration and isotopic ratio measurements [7] . Calibration of the analyzer is done by using gas mixings with known concentrations and known 13 C. Figure 7 : Principle of coupling the sensors system for gas monitoring in subsurface boreholes with discrete or continuous isotopic analyses.
We present here the results obtained during the monitoring of a subsurface borehole for 5 hours (Fig.8) . Variations with time of the CO 2 concentration and the 13 C of CO 2 inside the borehole describe a gas mixing process between two gas sources:
1. the surface atmosphere ([CO 2 ] = 400 ppmv and 13 C = -8‰); 2. an unknown CO 2 deep source enriched in 13 C. This source seems to be characterized by a CO 2 concentration up to 0.2% and a 13 C close to 0‰. First tests on field show that the use of the PICARRO G1101-i analyzer (1) simplifies field operations, by reducing numbers of gas samples to collect (but some samples are always useful to compare results between field measurements and some analyses done at laboratory); (2) increases the number of measurements; (3) reduces risks related to sampling, such as loss or contamination of samples during transport and storage before analysis at laboratory; and (4) limits the use of laboratory equipments which are free for other studies.
Conclusion
INERIS is studying the feasibility of improving surface and subsurface methods that were developed to monitor CO 2 storage sites. The aim is to determine the carbon isotopic signature 13 C of CO 2 at laboratory or on field, to better characterize gas production and migration processes above CO 2 storage sites.
Since 2008, different tests have been performed to couple isotopic measurements to the determination of gaseous flux of CO 2 or the monitoring of the gaseous atmosphere inside boreholes.
These tests are helpful to define specific sampling procedures or experiment new analyzers. They are a first step before a larger application on CO 2 storage pilot sites in the next years.
